A collection of 60 cell lines derived from human tumors (NCI-60) has been widely explored as a tool for anticancer drug discovery. Here, we profiled the cell surface of the NCI-60 by high-throughput screening of a phage-displayed random peptide library and classified the cell lines according to the binding selectivity of 26,031 recovered tripeptide motifs. By analyzing selected cell-homing peptide motifs and their NCI-60 recognition patterns, we established that some of these motifs (a) are similar to domains of human proteins known as ligands for tumor cell receptors and (b) segregate among the NCI-60 in a pattern correlating with expression profiles of the corresponding receptors. We biochemically validated some of the motifs as mimic peptides of native ligands for the epidermal growth factor receptor. Our results indicate that ligand-directed profiling of tumor cell lines can select functional peptides from combinatorial libraries based on the expression of tumor cell surface molecules, which in turn could be exploited as ''druggable'' receptors in specific types of cancer. (Cancer Res 2006; 66(1): 34-40) 
Introduction
The National Cancer Institute panel of human cancer cell lines from different histologic origins and grades (NCI-60) has been extensively used to screen compounds for anticancer activity (1, 2) . The NCI-60 includes carcinomas of several origins (kidney, breast, colon, lung, prostate, and ovarian), tumors of the central nervous system, malignant melanomas, leukemias, and lymphomas. Gene expression determined by high-throughput microarrays has been used to survey the variation in abundance of thousands of distinct transcripts in the NCI-60; such data provided functional insights about the corresponding gene products in tumor cell transformation (2) (3) (4) . This information-intensive genomic approach has yielded candidate diagnostic tumor markers to be validated at the protein level in prospective studies (4) . Moreover, systematic proteomic studies based on two-dimensional PAGE (5) and protein microarrays (4) have also been implemented. Finally, in parallel with the NCI-60 transcriptome and proteome initiatives, pharmacologic sensitivity of the cells to >10 5 different chemical compounds has been registered (1, 2). Indeed, for some genes, correlation of expression data to drug sensitivity profiles has uncovered the mechanistic basis for the drug activity (3, (6) (7) (8) (9) (10) . Thus, conventional genomic and proteomic approaches have identified several potential tumor markers and drug targets. However, despite such advances, correlation between drug activity and gene expression profiles has not as yet been established for most of the compounds tested (9, 11, 12) . This suggests the likely existence of unknown factors and the need to develop alternative methodology to discover ''druggable'' molecular targets.
Over the past few years, it has been proposed that (a) characterization of molecular diversity at the tumor cell surface level (represented primarily by membrane-associated proteins that are often modified by lipids and carbohydrates) is required for the development of ligand-directed anticancer therapies, and that (b) peptides binding to surface receptors preferentially expressed on tumor cells may be used to ligand-direct therapeutics to sites of disease with potential for increased therapeutic windows (13, 14) . It has become increasingly clear that selective cell surface features can be mapped by screening libraries of peptides (14) (15) (16) (17) . In fact, combinatorial peptide libraries displayed from pIII protein of an M13-derived phage have now been successfully screened on intact cells and in vivo (13) (14) (15) . Peptide ligands selected from unbiased screens without any predetermined notions about the nature of the cellular receptor repertoire have been used for the subsequent identification of the corresponding target cell surface receptors (16) (17) (18) (19) (20) (21) . In addition, novel techniques, such as the biopanning and rapid analysis of selective interactive ligands (BRASIL), have enabled high-throughput phage library screening on cells (16) . Here, we used the BRASIL method to systematically screen combinatorial libraries on tumor cells of the NCI-60 panel. Results of this feasibility study suggest that tumor cells can be grouped by profiles of their peptide ligands directed to differentially expressed cell surface receptors. Our data support the notion that many tumor cell surface-exposed receptors are expressed irrespective of tumor origin, thus suggesting they could be developed as broad tumor targets. Integration of ligand-directed surface profiling with other approaches related to the NCI-60 may uncover functional ligand-receptor pairs for the targeted drug delivery. random peptide library based on the vector fUSE5 displaying the insert CX 7 C was screened by using BRASIL as described (16) . Exponentially growing cells were harvested with 0.5 mmol/L EDTA, 0.4 g/L KCl, 8 g/L NaCl, and 1 g/L dextrose, washed once with phosphate buffer saline (PBS), and resuspended in RPMI containing 1% bovine serum albumin (BSA) and 1 mmol/L HEPES. Cells (f 10 6 ) were incubated for 2 hours on ice with 10 9 transduction units of CX 7 C phage in 200-AL suspension, transferred to the top of a nonmiscible organic lower phase (dibutyl phtalate/cyclohexane, 9:1), and centrifuged at 10,000 Â g for 10 minutes. The phage-bound cell pellet was incubated with 200 AL of K91 bacterial culture, and the bound phages were amplified and used in the following round. To prevent preferential isolation of peptides containing the RGD motif, which is selected on tissue-cultured cells due to expression of cell adhesion molecules binding to vitronectin, library screening was done in the presence of 1 mg/mL of the synthetic peptide RGD-4C (AnaSpec, San Diego, CA) in each round. After three rounds of selection, phage peptide-encoding inserts were sequenced as described (15, 17, 21) .
Hierarchical cluster analysis of peptide motif/cell line association. We created an interactive sequence management database of all peptide sequences isolated in the screen. Calculation of tripeptide motif frequencies in CX 7 C peptides (in both directions) was done by using a character pattern recognition program based on SAS (version 8.1.2, SAS Institute, Cary, NC) and Perl (version 5.6.1) as described (17) . To identify the most closely related tripeptides and cell lines, we generated clustered image maps (CIM) by using online software CIMminer available at http://discover.nci.nih.gov/ tools.jsp. Data were centered (mean subtracted and divided by SD) on both cell lines and tripeptide motifs; correlation coefficient metric with average linkage algorithm was used as distance measurement. The tripeptide motif frequencies across the NCI-60 cell lines formed a two-dimensional data matrix that was used to correlate motif enrichment with groups of cell lines. To evaluate whether CIMMiner algorithm is appropriate for clustering analysis of peptide frequency data, we devised a simulation test assuming that the frequencies of tripeptide motifs in a given data set follow an independent Poisson distribution. We simulated a random 3,280 Â 59 data matrix of the dimension identical to that of tripeptide motif frequency data matrix (corresponding to the set of 3,280 tripeptides and 59 cell lines). These simulated data were centered the same way as the experimental data by transforming to mean of 0, variance of 1. For CIM in Fig. 1 , tripeptides selected on all but one cell line of common origin (17) were used. Specificity of five tripeptides selectively overrepresented or underrepresented in lung tumor cell binding peptides for the 11 boxed cell lines (against the other 48 cell lines) was evaluated by using the R Package, version 2.0.0 (http:// www.r-project.org) by performing two-sample t test (one tailed), as well as using Wilcoxon rank sum test (one tailed) and Fisher exact test (one tailed) as described (17) .
Identification of candidate targeted receptors. To identify lead receptors targeted by tripeptide motifs, we screened the Molecular Target Database (http://www.dtp.nci.nih.gov) to identify proteins, expression levels of which in individual cell lines of the NCI-60 correlated with frequencies of individual tripeptides from Fig. 1 in the corresponding cell lines. We used the COMPARE software (http://dtp.nci.nih.gov/docs/ compare/compare.html) to calculate pairwise Pearson correlations between tripeptide frequencies in cell lines and the protein expression patterns in the database. Minimum Pearson correlation coefficient of 0.2 served as cutoff for the selection of lead receptors, as it provided a reasonable number of candidate molecular targets for which NCI-60 expression profiles and tripeptide frequency distribution profiles correlated. To initially restrict the candidate targets analyzed to broad-specificity receptors, we included only putative cell surface molecules (Table 1) , expression of which in the NCI-60 was found to correlate with the frequency profile of at least 25% of the tripeptides.
Protein database screening for peptide motif similarity. To identify natural prototype ligands of candidate receptors that are mimicked by selected peptides, we screened all 7-mer peptides selected in the screen by using online ClustalW software (http://www.ebi.ac.uk/clustalw/) to identify extended ( four or longer amino acids) motifs shared between multiple peptides containing the broad-specificity tripeptides (Fig. 1 ). Nonredundant databases of human proteins were searched by the BLAST software (http:// www.ncbi.nlm.nih.gov/BLAST/) for proteins containing the cell-targeting 4-mers under the condition that at least the tripeptide part of the motif is identical to the part of the BLAST match.
Validation of epidermal growth factor receptor as one of the peptide targets. To isolate peptides binding to epidermal growth factor receptor (EGFR), phage clones selected on SKOV3 in rounds 2 and 3 of the screening were individually amplified and pooled, and 10 9 transduction units of the mixed phage were incubated overnight at 4jC with 10 Ag of purified human EGFR (Sigma, St. Louis, MO), or BSA control immobilized on plastic. Unbound phages were extensively washed off with PBS, and then the bound phages were recovered by infecting host K91 Escherichia coli directly on the plate, and tetracycline-resistant clones were selected/ quantified and sequenced. To identify EGFR ligand-matching motifs among phage-displayed SKOV3-binding peptides, custom-designed Perl 5.8.1-based software was used to run peptide sequences against biological EGFR ligand sequences. Each 7-mer peptide sequence was aligned in each orientation against the EGFR ligand sequences from the NH 2 to COOH terminus in one-amino-acid shifts. The peptide/protein similarity scores for each residue were calculated based on a BLOSUM62 matrix modified to identify peptide matches of at least three amino acids in any position being identical and one being similar to the corresponding amino acid positions in the EGFR ligands ( Fig. 2A) .
Results
Isolation of peptides binding to surface of the NCI-60 cancer cells. As an initial attempt to profile cell surface of the tumor cell panel, we screened a large (2 Â 10 8 unique sequences) cyclic random peptide library with the basic structure CX 7 C (C, cysteine; X, any residue) on every cell line of the NCI-60. Phage selection was done in the excess of a competing Arg-Gly-Asp (RGD) synthetic integrin-binding peptide (13) to minimize the recovery of RGDcontaining peptides. This strategy was designed to facilitate the recovery of ligands binding to nonintegrin families of cell surface receptors because RGD tends to become dominant in the screening due to the high levels of integrin expression in adherent cells. 3 Preferential cell binding of specific cell-targeting peptides results in enrichment, defined by the increased recovery frequency of these peptide motifs in each subsequent round of the screen (14, 21) . Thus, we set out to profile the expression of nonintegrin cell surface molecules among the cell lines of the NCI-60 according to the differential selection of motifs enriched in the screen.
Hierarchical cluster analysis of peptides binding to the NCI-60 cells. To analyze the spectrum of the peptides resulting from the screening and compare those among different cell lines of the panel, we adopted a combinatorial statistical approach based on the premise that three residue motifs (tripeptides) provide a sufficient structure for protein-peptide interactions in the context of phage display (17) . For each NCI-60 cell line, we sequenced CX 7 C peptide-encoding DNA inserts from 96 phage clones recovered after three rounds of selection. We did a computer-assisted survey of all tripeptides within the library-derived sequences selected on each cell line by analyzing a database of 26,031 tripeptides contained within the 5,270 CX 7 C-encoded 7-mer peptides isolated (an average of eighty-nine 7-mer peptide sequences analyzed per each NCI-60 cell line). Thus, each cell line was assigned a unique set of tripeptides that was identified during the selection for cell surface binders, and the frequencies of each motif among all peptides for a given cell line were calculated.
To classify cell lines according to their association with particular motifs, which might provide inference on the targeted surface molecules, we did a hierarchical clustering analysis of the 3,280 nonredundant tripeptides based on the frequency of association with the NCI-60 cell lines. For the construction of a CIM, we adapted a hierarchical clustering algorithm and a pseudocolor visualization matrix initially designed to address differential gene expression among the cells of the panel (3, (6) (7) (8) . CIMMiner (2) was used for inference of the variation in peptide binding specificity across the cell lines by comparing relative frequencies of tripeptides found in 7-mer peptides binding to each cell (see Materials and Methods). Clustering of peptide motifs with similar cell selectivity revealed that the peptide distribution of the combinatorial library within the NCI-60 set was nonrandom ( Supplementary Fig. S1A ). Computer simulations of the permutated data set show that the observed pattern could not be generated by random chance (Supplementary Fig. S1B ), thus indicating that the discontinuous tripeptide frequency data is applicable for cluster analysis.
The selective spectra of peptide motifs interacting with the clustered cell lines suggest the existence of shared targeted surface receptor(s) expressed in these lines. In this study, we chose to focus on putative peptide-targeted receptors with broad cell line specificity, which would be more informative for an initial peptide binding/receptor expression correlation analysis. We therefore excluded from the data set motifs selected only on a single or few cell lines. Instead, we focused on 38 tripeptides that showed a semiubiquitous distribution among the NCI-60 lines (Fig. 1) . A CIM constructed according to the isolation frequency of these broaderspecificity tripeptides from each cell line revealed several apparent clusters of cell lines that displayed distinct profiles of association with certain classes of peptide motifs. For example, the majority of lung cancer-derived cell lines segregated as a separate group, suggesting that some of the receptors targeted may be conserved among cell lines derived from a common origin (Fig. 1) . Thus, although we severely restricted our analysis by limiting it to semiubiquitous tripeptides, clustering of some of them (predominantly with cell lines derived from the same tumor type) is consistent with their relative tissue specificity. To evaluate individual motifs for selectivity, we identified a distinct cluster of five tripeptides associated with lung tumor-derived cell lines (Fig. 1, boxed) . We compared tripeptide frequencies for the 11 cell lines within this cluster with their frequencies for the rest of NCI-60 lines by using statistical tests (Fisher exact, Wilcoxon rank-sum, and t test). Consistently, we observed that motif GGS was isolated for the clustered lines significantly (P < 0.05) more frequently than for the other NCI-60 cell lines (Supplementary Table S1 ).
Notably, the distribution of cell lines in the dendrogram (Fig. 1 ) was partially consistent with the reported association of cells derived from tumors with common tissue origin (3, 4) . This suggests that some of the receptors, such as the one presumably recognized by the lung tumor-specific tripeptide GGS ( Fig. 1; Supplementary  Table S1 ), may be up-regulated only in certain cancer origins. However, the tumor cell phylogeny was recapitulated only to an extent; the majority of the observed clusters contained cell lines derived from unrelated tumor types (Fig. 1) . The limited grouping of lines derived from tumors of common origin is perhaps not surprising: the relationship between different cell lines in our study is based on peptide binding to putative cell surface molecules, many of which may be tumor induced rather than characteristic of the tissue of origin. If so, our analysis of broad-specificity motif distribution may be well suitable for identification of specific surface molecules that are generally up-regulated by tumors and thus may constitute broad drug targets against cancer.
Identification of candidate receptor targets for peptide motifs. We next attempted to identify the targets for the 38 broadspecificity tripeptides, most of which presumably bind to receptors expressed by multiple NCI-60 cell lines. We used the NCI Molecular Targets Database that contains detailed information on the expression and activity of 1,218 human proteins measured by nonarray methods (22) . By using the COMPARE algorithm (6), we correlated the selectivity profiles of the 38 tripeptide motifs with the expression profiles of the characterized molecular targets. We observed that several of the qualifying proteins, expression of which correlated with enrichment profiles of certain motifs, represented tyrosine kinase receptors, such as those for ligands belonging to families of EGFs, fibroblast growth factors (FGF), nerve growth factors (NGF), and ephrins (Table 1) . When transferred to molecular target correlation data, the order of the 38-tripeptide motif set in the dendrogram (Fig. 1 ) revealed clusters of tripeptides for which cell line association profile correlated with expression profiles of EGF, FGF, NGF, or ephrin receptors ( Table 1) .
The peptide distribution-correlating tyrosine kinase receptors, belonging to EGFR, FGFR, NGFR, and ephrin receptor families (Table 1) , are often up-regulated in many types of cancer (23) . To determine if the cell-binding peptides may target these tyrosine kinases, we employed the notion that receptor-binding peptide motifs often mimic natural ligands for these receptors (16, 17, 19 ). Thus, we tested whether the selected motifs mimic ligands for the candidate tyrosine kinases by determining whether tripeptides listed in Table 1 are embedded into longer peptides that may be responsible for cell surface binding. We analyzed the CX 7 C phage inserts containing the 38 tripeptides by using the ClustalW software and compiled extended motifs containing the tripeptides shared among multiple peptides selected during the screen (data not shown). To identify candidate prototype human ligands, epitopes of which could be mimicked, we screened each of the ClustalW-extended motifs against the nonredundant database of human proteins by using the BLAST software (National Center for Biotechnology Information). As a result of this analysis, we found the motifs containing 34 of 38 tripeptides (89%) to be identical or very similar to segments of proven or putative ligands for the tyrosine kinase receptors listed (Table 1 ). Figure 2 . Identification of peptides mimicking EGFR ligands. A, EGFR-binding peptide sequences isolated from the SKOV3-selected phage pool were matched in each orientation to protein sequences of biological human EGFR ligands (leader peptide sequence underlined). Matches displayed are peptides with three or more amino acids being identical (red) and one or more being from the same class (green ) as the correspondingly positioned protein amino acids. Tripeptides listed in Table 1 (yellow ). B, isolation of peptides targeting EGFR. Binding of SKOV3-selected phage pool to immobilized EGFR compared with BSA in rounds 1 and 2 of biopanning of SKOV3-selected phage pool on immobilized human EGFR.
Validation of EGFR as a targeted receptor. To show that the approach taken can lead to actual targetable tumor cell surface proteins, we chose to test if the EGFR is bound by any of the tripeptide motifs distributed in the panel in a profile correlating with EGFR expression. Consistently, 24 of 38 tripeptides surveyed displayed NCI-60 cell line association pattern consistent with that of EGFR expression (Table 1) . Of these tripeptides, 22 were isolated in the screens on ovarian cancer cell lines SKOV3 and OVCAR4 (data not shown). Because EGFR is well known to be associated with ovarian cancer (23), we deemed these cell lines to be likely expressers of targetable EGFR, which would account for the selection of EGFR ligand-mimicking motifs. To validate EGFR binding by the selected motifs, we screened the SKOV3-binding phage sublibrary (pooled clones recovered in rounds 2 and 3) on immobilized human EGFR. After two rounds of selection, we analyzed phage displaying the EGFR-binding peptides: the majority were comprised by different 7-mer peptides ( Fig. 2A ) that contained 17 of 22 SKOV3-selected tripeptide motifs distributed in the panel in a profile correlating with EGFR expression (Table 1) . Phage displaying these peptides had specific affinity to EGFR, as determined by subjecting the same sublibrary to immobilized BSA control binding (Fig. 2B) . Remarkably, computer-assisted analysis of sequences ( Fig. 2A) revealed that 12 of the 7-mer EGFR-binding peptides contained amino acid motifs similar to those present in some of the biological EGFR ligands (23) . These peptides, containing eight of the candidate tripeptides (RVS, AGS, AGL, GVR, GGR, GGL, GSV, and GVS), were found highly similar to fragments of EGF, amphiregulin, heparin-binding EGF-like growth factor, and epiregulin ( Fig. 2A) . Similarity search using the same algorithm on the same twelve 7-mers did not reveal any matches to two other EGFR ligands, transforming growth factor-a and hcellulin, or randomly chosen control ligands of tyrosine kinase receptors from the three other candidate families listed in Table 1: ephrin A, NGF-h, and FGF6 (data not shown). Taken together, these data suggest that at least some of the peptides selected on the NCI-60 cells target EGFR, whereas others may bind to different tyrosine kinases, possibly including those from TRK, ephrin, or FGF receptor families.
Discussion
Expression profiles of the candidate receptor targets for peptides identified in the screen illustrate the concept that in cancer, at least some tumor-associated cell surface molecules seem up-regulated regardless of cancer tissue origin. As such, this is the case for the EGFR and other tyrosine kinases possibly targeted by peptide ligands selected on the NCI-60 cell panel. This may also be the case for many other receptors with a role in tumorigenesis, expression profiles of which may not correlate with the overall proteomic profile of the original tumor tissue. In fact, these observations may account for the relatively limited success in correlating drug toxicity profiles with the genomic and/or proteomic profiles of the NCI-60 panel (12) . On the other hand, some of the receptors, such as EphA5 presumably targeted by GGS tripeptide and its derivatives predominantly selective for lung tumor-derived cell lines (Fig. 1) , seem to be at least partially specific for the progenitor cancer type.
The candidate ligand-receptor leads identified in this study can be characterized further for the development of targeted agents selective for tumors. Moreover, the peptides identified by the approach described here may map receptor interaction domains of biological (native) ligands. Similarity of peptides to the corresponding receptor-binding ligands has already been used for validation of the IL-11Ra receptor as a target of an interleukin-11 mimic peptide homing to blood vessels in the prostate (17, 24) . We and others have modeled the usage of peptides homing to receptors expressed by tumors (18) or nonmalignant tissues (19, 20) for directing the delivery of cytotoxics, proapoptotic peptides, metalloprotease inhibitors, cytokines, fluorophores, and genes (13, 14) . Thus, our approach provides a straightforward way to identify drugaccessible tumor cell surface receptors and to discover peptide ligands that can serve as mimetic prototype drugs. Unlike genomic or proteomic-based approaches that rely on differential expression levels of transcripts or protein products, this discovery platform directly addresses functional protein-protein interactions at the level of physical binding. In contrast to protein array systems, it is possible to select binding peptides even if the ligand-receptor interaction is mediated by conformational (rather than linear) epitopes. In summary, ligand-directed screening of combinatorial libraries on tumor cell surfaces may lead to improved selection of functionally relevant peptides that can be developed for targeting ''druggable'' molecular targets.
